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(54) Combustion and gas recirculation control in an internal-combustion engine 

(57) An engine comprising an exhaust gas recircu- 
lation system, wherein a first combustion where the 
amount of the recirculated exhaust gas supplied to the 
combustion chamber is larger than the amount of recir- 
culated exhaust gas where the amount of production of 
soot peaks and almost no soot is produced and a sec- 
ond combustion where the amount of recirculated 
exhaust gas supplied to the combustion chamber is 
smaller than the amount of recirculated exhaust gas 
where the amount of production of soot peaks are 
selectively switched. The exhaust gas recirculation rate 
is caused to be changed in a step-like manner when 
switching from the first combustion to the second com- 
bustion or from the second combustion to the first com- 
bustion. 
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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention s 
[0001 ] The present invention relates to an engine. 

2. Description of the Related Art 

[0002] In the past, in an internal combustion engine, 
for example, a diesel engine, the production of NOx has 
been suppressed by connecting the engine exhaust 
passage and the engine intake passage by an exhaust 
gas recirculation (EGR) passage 90 as to cause the 
exhaust gas. that is. the EGR gas, to recirculate in the 
engine intake passage through the EGR passage. In 
this case, the EGR gas has a relatively high specific 
heat and therefore can absorb a large amount of beat, 
so the larger the amount of EGR gas. that is. the higher 
the EGR rate (amount of EGR gas/(amount of EGR gas 
+ amount of intake air), the lower the combustion tem- 
perature in the engine combustion chamber. When the 
combustion temperature falls, the amount of NOx pro- 
duced falls and therefore the higher the EGR rate, the 
lower the amount of NOx produced. 
[0003] In this way, in the past, the higher the EGR rate, 
the lower the amount of NOx produced can become. If 
the EGR rate is increased, however, the amount of soot 
produced, that is, the smoke starts to sharply rise when 
the EGR rate passes a certain limit. In this point, in the 
past, it was believed that if the EGR rate was inaeased, 
the smoke would increase without limit. Therefore, it 
was believed that the EGR rate at which smoke starts to 
rise sharply was the maximum allowable limit of the 
EGR rate, 

[0004] Therefore, in the past, the EGR rate was set 
within a range not exceeding the maximum allowable 
limit (for example, see Japanese Unexamined Patent 
Publication (Kokai) No 4-334750). The maximum allow- 
able limit of the EGR rate differed considerably accord- 
ing to the type of the engine and the fuel, but was from 
30 percent to 50 percent or so. Accordingly, in conven- 
tional diesel engines, the EGR rate was suppressed to 
30 percent to 50 percent at a maximum. 
[0005] Since it was believed in the past hat there was 
a maximum allowable limit to the EGR rate, in the past 
the EGR rate had been set so that the amount of NOx 
and snrK)ke produced would become as smalt as possi- 
ble within a range not exceeding that maximum allowa- 
ble limit. Even if the EGR rate is set in this way so that 
the amount of NOx and smoke produced becomes as 
small as possible, however, there are limits to the reduc- 
tion of the amount of production of NOx and smoke, in 
practice, therefore, a considerable amount of NOx and 
smoke continues being produced. 
[0006] The present inventors, however, discovered in 
the process of studies on the conlbustlon in diesel 



engines that if the EGR rate is made larger than the 
maximum allowable limit, the smoke sharply increases 
as explained above, but there is a peak to the amount of 
the smoke produced and once this peak is passed, if the 
EGR rate is made further larger, the sntoke starts to 
sharply decrease and that if the EGR rate is made at 
least 70 percent during engine idling or tf the EGR gas 
is force cooled and the EGR rate is made at least 55 
percent or so, the smoke will almost completely disap- 
pear, that is, almost no soot will be produced. Further, 
they found that the amount of NOx produced at this time 
was extremely small. They engaged In further studies 
later based on this discovery to determine the reasons 
why soot was not produced and as a result construct a 
new system of combustion able to simultaneously 
reduce the soot and NOx more than ever before. This 
new System of combustion will be explained in detail 
later, but briefly it is based on the idea of stopping the 
growth of hydrocarbons into soot at a stage before the 
hydrocartx)ns grow. 

[0007] That is, what was found from repeated experi- 
ments and research was that the growth of hydrocar- 
bons into soot stops at a stage before that happens 
when the temperatures of the fuel and the gas around 
the fuel at the time of combustion in the combustion 
chamber are lower than a certain temperature and the 
hydrocartx)ns grow to soot all at once when the temper- 
atures of the fuel and the gas around the fuel become 
higher than a certain temperature. In this case, the tem- 
peratures of the fuel and the gas around the fuel are 
greatly affected by the heat absorbing action of the gas 
around the fuel at the time of combustion of the fuel. By 
adjusting the amount of heat absorbed by the gas 
around the fuel in accordance with the amount of heat 
generated at the time of combustion of the fuel, it is pos- 
sible to control the temperatures of the fuel and the gas 
around the fuel. 

[0008] Therefore, if the temperatures of the fuel and 
the gas around the fuel at the time of combustion in the 
combustion chamber are suppressed to less than the 
temperature at which the growth of the hydrocarbons 
stops midway, soot is no longer produced. The temper- 
atures of the fuel and the gas around the fuel at the time 
of combustion in the combustion chamber can be sup- 
pressed to less than the temperature at which the 
growth of the hydrocart)ons stops midway by adjusting 
the amount of heat absorbed by the gas around the fuel. 
On the other hand, the hydrocarbons stopped in growth 
midway before becoming soot can be easily removed by 
after-treatment using an oxidation catalyst etc. This is 
the basic thinking behind this new system of combus- 
tion. 

[0009] Under this new system of combustion, the EGR 
rate for simultaneously reducing the soot and the NOx 
must be made at least about 55 percent. The EGR rate, 
however, can be made at least about 55 percent when 
the amount of intake air is small, that is, when the 
engine is operating under a relatively light load. If the 
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amount of intake air passes a certain limit, It no longer 
becomes possible to make the amount of Intake air 
increase unless reducing the EGR rate. In this case, 
however, if the EGR rate Is gradually reduced from 55 
percent along with the increase of the amount of intake 
air, the problem arises of the production of a large 
amount of smoke. 

SUMMARY OF THE INVENTION 

[001 0] An object of the present invention is to provide 
an engine capable of extremely reducing the amount of 
production of soot and NOx when the engine is operat- 
ing under a light load 

[001 1 ] According to the present invention, there is pro- 
vided an internal combustion engine In which an 
amount of production of soot gradually increases and 
then peaks when an amount of recirculated exhaust gas 
supplied in a combustion chamber Inaeases and in 
which a further increase of the amount of recirculated 
exhaust gas supplied in the combustion chamber 
results in a temperature of fuel and sunrounding gas in 
the combustion chamber becoming lower than a tem- 
perature of production of soot and therefore almost no 
production of soot any longer, the engine comprising: 
switching means for selectively switching between a first 
combustion where the amount of the recirculated 
exhaust gas supplied to the combustion chamber is 
larger than the amount of recirculated exhaust gas 
where the amount of production of soot peaks and 
almost no soot is produced and a second combustion 
where the amount of recirculated exhaust gas supplied 
to the combustion chamber is smaller than the amount 
of recirculated exhaust gas where the amount of pro- 
duction of soot peaks and exhaust gas recirculation rate 
control means for changing the exhaust gas recircula- 
tion rate in a step-like manner when switching from the 
first combustion to the second combustion or from the 
second combustion to the first combustion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[001 2] The present invention may be more fully under- 
stood from the description of the preferred embodi- 
ments of the invention set forth below together with the 
accompanying drawings, in which: 

Fig. 1 is an overall view of a compression Ignition 
type Internal combustion engine; 
Fig. 2 is a view of the amount of generation of 
smoke and NOx; 

Figs. 3A and 3B are views Of the combustion pres- 
sure; 

Fig. 4 is a view of a fuel molecule; 
Fig. 5 is a view of the relationship between the 
amount of generation of smoke and the EGR rate; 
Fig. 6 Is a view of the relationship between the 
amount of injected fuel and the amount of mixed 



gas; 

Rg. 7 is a view of a first operating region I and a 
second operating region II; 
Rg. 8 is a view of the output of the air fuel ratio sen- 
5 sor; 

Rg. 9 is a view of the opening degree of a throttle 
valve etc.; 

Rg. 10 is a flow chart of the control of the engine 
operation; 

10 Rg. 1 1 Is a flow chart of the control of the engine 
operation; 

Rg. 12 is a view of the opening degree of a throttle 

valve etc.; 

Rg. 13 is a view of the amount of generation of 
16 smoke; 

Rg. 1 4 is a view of the first operating region I, a low 
load side operating region II, and a high load side 
operating region III; 

Rg. 15 is a view of the opening degree of a throttle 
20 valve etc.; and 

Rg. 16 and Fig. 17 are f tow charts of the control of 
the engine operation. 

DESCRIPTION OF THE PREFERRED EMBODI- 
ES MENTS 

[001 3} Figure 1 is a view of the case of application of 
the present invention to a four-stroke compression igni- 
tion type internal combustion engine. 

30 [0014] Refemng to Fig. 1 , 1 shows an engine body, 2 
a cylinder block, 3 a cylinder head, 4 a piston. 5 a com- 
bustion chamber, 6 an electrically controlled fuel injec- 
tor, 7 an intake valve, 8 an intake port, 9 an exhaust 
valve, and 10 an exhaust port. The intake port 8 Is con- 

35 nected through a con^esponding intake tube 1 1 to the 
surge tank 12. The surge tank 12 Is connected through 
an intake duct 1 3 to an air cleaner 1 4. A throttle valve 1 6 
driven by an electric motor 15 Is arranged in the intake 
duct 13. On the other hand, the exhaust port 10 is con- 

40 nected through an exhaust manifold 17 and exhaust 
tube 18 to a catalytic converter 20 housing a catalyst 19 
having an oxidation action. An air fuel ratio sensor 21 is 
arranged in the exhaust manifold 17. 
[001 5] The exhaust manifold 1 7 and surge tank 1 2 are 

45 connected with each other through an EGR passage 
22. An electrically controlled EGR control valve 23 Is 
arranged in an EGR passage 22. Further, a cooling 
apparatus 24 for cooling the EGR gas flowing through 
the EGR passage 22 is provided around the EGR pas- 

so sage 22. In the embodiment shown in Rg. 1 , the engine 
cooling water is guided to the cooling apparatus 24 
where the engine cooling water is used to cool the EGR 
gas. 

[0016] On the other hand, each fuel injector 6 is con- 
55 nected through a fuel supply tube 25 to the fuel reser- 
voir, that Is, a common rail 26. Fuel is supplied to the 
common rail 26 from an electrically controlled variable 
discharge fuel pump 27. Fuel supplied in the conrunon 
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rail 26 is supplied through each fuel supply tube 25 to 
the fuel Injectors 6. A fuel pressure sensor 28 for detect- 
ing the fuel pressure in the comnwn rail 26 Is attached 
to the common rail 26. The amount of discharge of the 
fuel pump 27 is controlled based on the output signal of 
the fuel pressure sensor 28 so that the fuel pressure in 
the common rail 26 becomes the target fuel pressure. 
[001 7] The electronic control unit 30 is comprised of a 
digital computer and Is provided with a ROM (read only 
memory) 32. a RAM (random access memory) 33, a 
CPU (microprocessor) 34, an input port 35, and an out- 
put port 36 connected with each other by a bidirectional 
bus 31 . The output signal of the air fuel ratio sensor 21 
is input through a corresponding AD converter 37 to the 
input port 35. Further, the output signal of the fuel pres- 
sure sensor 28 is input through a con^esponding AD 
converter 37 to the input port 35. The accelerator pedal 
40 has connected to it a load sensor 41 for generating 
an output voltage proportional to the amount of depres- 
sion L of the accelerator pedal 40. The output voltage of 
the load sensor 41 is input through a corresponding AD 
converter 37 to the input port 35. Further, the input port 

35 has connected to it a crank angle sensor 42 for gen- 
erating an output pulse each time the crankshaft rotates 
by for example SO*". On the other hand, the output port 

36 has connected to it through a corresponding drive 
circuit 38 the fuel injector 6. electric motor 15, EGR con- 
trol valve 23. and fuel pump 27. 

[0018] Figure 2 shows an example of an experiment 
showing the changes in the output torque and the 
amount of smoke. HC, CO, and NOx exhausted at that 
time when changing the air fuel ratio A/F (abscissa in 
Fig. 2) by changing the opening degree of the throttle 
valve 1 6 and the EGR rate at the time of engine low load 
operation. As will be understood from Rg. 2, in this 
experiment, the EGR rate becomes larger the smaller 
the air fuel ratio A/F When below the stoichiometric air 
fuel ratio (^ 14.6), the EGR rate becomes over 65 per- 
cent 

[0019] As shown in Rg. 2, if increasing the EGR rate 
to reduce the air fuel ratio A/F, when the EGR rate 
becomes close to 40 percent and the air fuel ratio A/F 
becomes 30 degrees, the amount of smoke produced 
starts to increase. Next, when the EGR rate is further 
raised and the air fuel ratio A/F is made smaller, the 
amount of smoke produced sharply increases and 
peaks. Next, when the EGR rate is further raised and 
the air-fuel ratio A/F is made smaller, the smoke sharply 
falls. When the EGR rate is made over 65 percent and 
the air fuel ratio A/F becomes close to 15.0. the smoke 
produced becomes substantially zero. That is. almost 
no soot is produced any longer. At this time, the output 
torque of the engine fells somewhat and the amount of 
NOx produced becomes considerably lower. On the 
other hand, at this time, the amounts of HC and CO pro- 
duced start to increase. 

[0020] Figure 3A shows the changes in compression 
pressure in the combustion chamber 5 when the 



amount of smoke produced is tiie greatest near an air 
fuel ratio A/F of 21. Figure 3B shows tiie changes in 
compression pressure In the combustion chamber 5 
when the amount of smoke produced is substantially 

5 zero near an air fuel ratio N? of 18. As will be under- 
stood from a comparison of Fig. 3A and Fig. 3B. tiie 
combustion pressure is lower In the case shown in Fig. 
3B where the amount of smoke produced is substan- 
tially zero tiian the case shown in Fig. 3A where tiie 

ro amount of smoke produced is large. 

[0021] The following may be said from the results of 
the experiment shown In Fig. 2 and Figs. 3A and 38. 
That is, first, when the air fuel ratio A/F is less than 15.0 
and tiie amount of smoke produced is substantially 

75 zero, tiie amount of NOx produced falls considerably as 
shown in Fig. 2. The fact that the amount of NOx pro- 
duced falls means that tiie combustion temperature In 
tiie combustion chamber 5 falls. Therefore, it can be 
said tiiat when almost no soot is produced, tiie combus- 

20 tion temperature in tiie combustion chamber 5 becomes 
lower. The same thing may be said from Figs. 3A and 
38. That is. In tiie state shown In Rg. 38 where almost 
no soot is produced, tiie combustion pressure becomes 
lower, therefore tiie combustion temperature in the com- 

25 bustion chamber 5 becomes lower at this time. 

[0022] Second, when the amount of smoke produced, 
tfiat Is. tiie amount of soot produced, becomes substan- 
tially zero, as shown in Fig. 2, tiie amounts of HC and 
CO increase. This means tiiat tiie hydrocarbons are 

30 exhausted without growing into soot. That is, tiie 
straight chain hydrocarbons and aromatic hydrocarbons 
contained in the fuel and shown in Fig. 4 decompose 
when raised in temperature in an oxygen poor state 
resulting in tiie formation of a precursor of soot. Next, 

35 soot mainly comprised of solid masses of carbon atoms 
is produced. In this case, the actual process of produc- 
tion of soot is complicated. How tiie precursor of soot is 
formed is not clear, but whatever tiie case, the hydrocar- 
bons shown in Fig. 4 grow to soot tiirough tiie soot pre- 

40 cursor. Therefore, as explained above, when tiie 
amount of production of soot becomes substantially 
zero, the amount of exhaust of HC and CO Increases as 
shown in Rg. 2. but the HC at this time is a soot precur- 
sor or a state of hydrocarbons before that. 

45 [0023] Summarizing tiiese considerations based on 
the results of the experiments shown in Fig. 2 and Figs. 
3A and 38, when tiie combustion temperature in tiie 
combustion chamber 5 is low, the amount of soot pro- 
duced becomes substantially zero. At tills time, a soot 

so precursor or a state of hydrocarbons before that Is 
exhausted from tiie combustion chamber 5. More 
detailed experiments and studies were conducted on 
tills. As a result. It was learned that when tiie tempera- 
tures of tiie fuel and the gas around tiie fuel In the com- 

55 bustion chamber 5 are below a certain temperature, the 
process of growth of soot stops midway, that Is, no soot 
at all is produced and that when the temperature of tiie 
fuel and Its sun'oundlngs In tiie combustion chamber 5 
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becomes higher than a certain temperature, soot is pro- 
duced. 

[00241 The temperature of the fuel and its surround- 
ings when the process of production of hydrocaftx)ns 
stops in the state of the soot precursor, that is. the 
above certain temperature, changes depending on var- 
ious factors such as the type of the fuel the air fuel ratio, 
and the compression ratio, so it cannot be said what 
degree it is. but this certain temperature is deeply 
related with the amount of production of NOx There- 
fore, this certain temperature can be defined to a certain 
degree from the amount of production of NQx. That is, 
the greater the EGR rate, the lower the temperature of 
the fuel and the gas surrounding it at the time of com- 
bustion and the lower the amount of NOx produced. At 
this time, when the amount of NOx produced becomes 
around 10 ppm or less, almost no soot is produced any 
more. Therefore, the above certain temperature sub- 
stantially matches the temperature when the amount of 
NOx produced becomes 10 ppm or less. 
[0025] Once soot is produced, it is impossible to 
remove it by after-treatment using an oxidation catalyst 
etc. As opposed to this, a soot precursor or a state of 
hydrocarbons before this can be easily removed by 
after-treatment using an oxidation catalyst etc. Consid- 
ering after-treatment by an oxidation catalyst etc.. there 
is an extremely great difference between whether the 
hydrocartwns are exhausted from the combustion 
chamber 5 in the form of a soot precursor or a state 
before that or exhausted from the combustion chanrlber 
5 in the form of soot. The new combustion system used 
in the present invention is based on the idea of exhaust- 
ing the hydrocarbons from the combustion chamber 5 in 
the form of a soot precursor or a state before that with- 
out allowing the production of soot in the combustion 
chamber 5 and causing the hydrocaibons to oxidize by 
an oxidation catalyst etc. 

[0026] Now, to stop the growth of hydrocartwns in the 
state before the production of soot, it is necessary to 
suppress the temperatures of the fuel and the gas 
around It at the time of combustion in the combustion 
chamber 5 to a temperature lower than the temperature 
where soot Is produced. In this case, it was learned that 
the heat absorbing action of the gas around the fuel at 
the time of combustion of the fuel has an extremely 
great effect in suppression of the temperatures of the 
fuel and the gas around it. 

[0027] That is. if there is only air around the fuel, the 
vaporized fuel will immediately react with the oxygen in 
the air and burn. In this case, the temperature of the air 
away from the fuel does not rise that much. Only the 
temperature around the fuel becomes locally extremely 
high. That is, at this time, the air away from the fuel does 
not absorb the heat of combustion of the fuel much at 
all. In this case, since the combustion temperature 
becomes extremely high locally, the unburned hydrocar- 
bons receiving the heat of combustion produce soot 
[0028] On the other hand, when there Is fuel In a 



mixed gas of a large amount of inert gas and a small 
amount of air, the situation is somewhat different. In this 
case, the evaporated fuel disperses in the sunroundings 
and reacts with the oxygen mixed in the inert gas to 

5 burn. In this case, the heat of combustion is absorbed 
by the sunrounding inert gas. so the combustion temper- 
ature no longer rises that much. That Is, it becomes pos- 
sible to keep the combustion temperature low. TTiat is, 
the presence of inert gas plays an important role in the 

ro suppression of the combustion temperature. It is possi- 
ble to keep the combustion temperature tow by the heat 
absorbing action of the Inert gas. 
[0029] In this case, to suppress the temperatures of 
the fuel and the gas around it to a temperature lower 

15 than the temperature at which soot is produced, an 
amount of inert gas enough to absorb an amount of 
heat sufficient for lowering the temperatures is required. 
Therefore, if the anrount of fuel increases, the amount of 
inert gas required increases along with the same. Note 

20 that in this case the larger the specific heat of the inert 
gas, the stronger the heat absorbing action. Therefore, 
the inert gas is preferably a gas with a large specific 
heat. In this regard, since CO2 and EGR gas have rela- 
tively large specific beats, it may be said to be prefera- 

25 ble to use EGR gas as the inert gas. 

[0030] Figure 5 shows the relationship between the 
EGR rate and smoke when using EGR gas as the inert 
gas and changing the degree of cooling of the EGR gas. 
That is, the curve A in Fig. 5 shows the case of force 

30 cooling the EGR gas and maintaining the temperature 
of the EGR gas at about 90°C, curve B shows the case 
of cooling the EGR gas by a compact cooling appara- 
tus, and curve C shows the case of not force cooling the 
EGR gas. 

35 [0031] When force cooling the EGR gas as shown by 
the curve A in Fig. 5, the amount of soot produced 
peaks when the EGR rate is a little under 50 percent. In 
this case, if the EGR rate is made about 55 percent or 
higher, almost no soot is produced any longer. 

40 p)032] On the other hand, when the EGR gas is 
slightly cooled as shown by cun^e B in Fig. 5, the 
amount of soot produced peaks when the EGR rate is 
slightly higher than 50 percent. In this case, if the EGR 
rate Is made above about 65 percent, almost no soot is 

45 produced any longer. 

[P033] Further, when the EGR gas is not force cooled 
as shown by cun/e C in Fig. 5. the amount of soot pro- 
duced peaks near an EGR rate near 55 percent. In this 
case, if the EGR rate is made over about 70 percent, 

so almost no soot is produced any longer. 

[0034] Note that Fig. 5 shows the amount of smoke 
produced when the engine load is relatively high. When 
the engine load becomes smaller, the EGR rate at 
which the amount of soot produced peaks falls some- 

55 what and the lower limit of the EGR rate at which almost 
no soot is produced any longer falls somewhat. In this 
way. the lower limit of the EGR rate at which almost no 
soot is produced any longer changes in accordance 
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with the degree of cooling of the EGR gas or the engine 
load. 

[0035] Figure 6 shows the amount of mixed gas of 
EGR gas and air. the ratio of air in the mixed gas. and 
the ratio of EGR gas In the mixed gas required for mak- 
ing the temperatures of the fuel and the gas around It at 
the time of combustion a temperature lower than the 
temperature at which soot is produced In the case of 
use of EGR gas as an Inert gas. Note that in Fig. 6, the 
ordinate shows the total amount of suction gas taken 
into the combustion chamber 5. The broken line Y 
shows the total amount of suction gas able to be taken 
Into the combustion chamber 5 when supercharging is 
not being performed. Further, the abscissa shows the 
required load. Z1 shows the low load operating region. 
[0036] Referring to Fig. 6. the ratio of air, that is, the 
amount of air in the mixed gas, shows the amount of air 
necessary for causing the injected fuel to completely 
burn. That is, in the case shown in Fig. 6, the ratio of the 
amount of air and the amount of injected fuel becomes 
the stoichiometric air fuel ratio. On the other hand, in 
Fig. 6, the ratio of EGR gas. that Is, the amount of EGR 
gas in the mixed gas, shows the minimum amount of 
EGR gas required for making the temperatures of the 
fuel and the gas around it a tenperature lower than the 
temperature at which soot is produced. This amount of 
EGR gas is, expressed In terms of the EGR rate, at least 
55 percent - In the embodiment shown in Fig. 6, at least 
70 percent. That is. if the total amount of suction gas 
taken into the combustion chamber 5 is made the solid 
line X in Fig. 6 and the ratio between the amount of air 
and amount of EGR gas In the total amount of suction 
gas X is made the ratio shown in Fig. 6. the tempera- 
tures of the fuel and the gas around it becomes a tem- 
perature lower than the temperature at which soot is 
produced and therefore no soot at all is produced any 
longer. Further, the amount of NOx produced at this 
time is around 10 ppm or less and therefore the amount 
of NOx produced becomes extremely small. 
[0037] If the amount of fuel injected increases, the 
amount of heat generated at the time of combustion 
increases, so to maintain the temperatures of the fuel 
and the gas around it at a temperature lower than the 
temperature at which soot is produced, the amount of 
heat absorbed by the EGR gas must be increased. 
Therefore, as shown in Fig. 6, the amount of EGR gas 
has to be increased the greater the amount of injected 
fuel. That is, the amount of EGR gas has to be 
increased as the required load becomes higher. 
[0038] On the other hand. In the load region Z2 of Fig. 
6, the total amount of suction gas X required for inhibit- 
ing the production of soot exceeds the total amount of 
suction gas Y which can be taken in. Therefore, in this 
case, to supply the total amount of suction gas X 
required for inhibiting the production of soot into the 
combustion chamber 5, it is necessary to supercharge 
or pressurize both of the EGR gas and the suction gas 
or the EGR gas. When not supercharging or pressuriz- 



ing the EGR gas etc.. in the load region Z2, the total 
amount of suction gas X matches with the total amount 
of suction gas Y which can be taken in. Therefore, in the 
case, to inhibit the production of soot, the amount of air 
5 is reduced somewhat to increase the amount of EGR 
gas and the fuel is made to burn in a state where the air 
fuel ratio is rich. 

[0039] As explained above. Fig. 6 shows the case of 
combustion of fuel at the stoichiometric air fuel ratio. In 

10 the low load operating region Z1 shown in Fig. 6. even if 
the amount of air is made smaller than the amount of air 
shown in Rg. 6. that is, even if the air fuel ratio is made 
rich. It is possible to obstruct the production of soot and 
make the amount of NOx produced around 10 ppm or 

75 less. Further. In the low load region Z1 shown In Fig. 6, 
even if the amount of air is made greater than the 
amount of air shown in Fig. 6. that is. the mean value of 
the air fuel ratio is made a lean 1 7 to 1 8, it is possible to 
obstruct the production of soot and make the amount of 

20 NOx produced around 1 0 ppm or less. 

[0040] That is, when the air fuel ratio is made rich, the 
fuel becomes in excess, but since the fuel temperature 
is suppressed to a low temperature, the excess fuel 
does not grow into soot and therefore soot is not pro- 

25 duced. Further, at this time, only an extremely small 
amount of NOx is produced. On the other hand, when 
the mean air fuel ratio is lean or when the air fuel ratio is 
the stoichiometric air fuel ratio, a small amount of soot Is 
produced if the combustion temperature becomes 

30 higher, but in the present invention, the combustion tem- 
perature Is suppressed to a low temperature, so no soot 
at all Is produced. Further, only an extremely small 
amount of NOx is produced. 
[0041] In this way, in the engine low load operating 

35 region Z1. regardless of the air fuel ratio, that is. 
whether the air fuel ratio is rich or the stoichiometric air 
fuel ratio or the mean air fuel ratio Is lean, no soot is pro- 
duced and the amount of NOx produced becomes 
extremely small. Therefore, considering the inprove- 

40 ment of the fuel consumption rate, it may be said to be 
preferable to make the mean air fuel ratio lean. 
[0042] To simultaneously reduce the soot and the NOx 
In the new combustion system used in the present 
invention, however, it is necessary to make the EGR 

45 rate at least about 55 percent. The EGR rate, however, 
can only be made over 55 percent or so when the 
amount of intake air is small, that is. when the engine 
load Is relatively light. If the amount of Intake air 
exceeds a certain limit, that is. If the required load 

so becomes higher than a certain limit, it no longer 
becomes possible to Increase the amount of Intake air 
unless reducing the EGR rate. In this case, however, in 
the example of the experiment shown In Fig. 2, If gradu- 
ally reducing the EGR rate from about 65 percent along 

55 with the increase of the amount of intake air. that is, 
along with the increase in the required load, that is, if 
gradually Increasing the air-fuel ratio along with the 
increase in the required load, a large amount of smoke 
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is produced. Therefore, when the required load exceeds 
a certain limit, it is not possible to gradually reduce the 
EGR rate from about 65 percent or gradually increase 
the air-fuel ratio along with the rise in the required load. 
[0043] In this case, to obstruct the production of a 5 
large amount of smoke, when the required load exceeds 
the certain limit, it is necessary to jump over the range 
of the EGR rate of about 40 percent to about 65 percent 
where the large amount of smoke is produced. There- 
fore, in the present invention, when the required load is 
low, the EGR rate is maintained at least at about 55 per- 
cent, while when the required load becomes higher and 
it is no longer possible to maintain the EGR rate at least 
at about 55 percent, the EGR rate is reduced in a step- 
like manner to below about 50 percent. At this time, the 
air-fuel ratio becomes larger in a step-like manner as 
well. 

[0044] When the EGR rate is at least about 55 per- 
cent, as explained before, the temperature of the fuel 
and the gas sunrounding it becomes a temperature 
lower than the temperature where soot is produced. At 
this time, first combustion, that is. low temperature com- 
bustion, is performed. As opposed to this, when the 
EGR rate is made to fall to below about 50 percent, the 
temperature of the fuel and the gas surrounding it 
becomes higher than the temperature at which soot is 
produced. At this time, of course, first combustion, that 
is. low temperature combustion, cannot be performed. 
In the embodiment according to the present invention, 
when low temperature combustion cannot be performed 
in this way, second combustion, that is, the convention- 
ally performed combustion, is performed. Note that the 
first combustion, that is, the low temperature combus- 
tion, as clear from the explanation up to here, means 
combustion where the amount of inert gas in the com- 
bustion chamber is larger than the amount of inert gas 
where the amount of production of the soot peaks and 
where almost no soot is produced, while the second 
combustion, that is, the conventionally normally per- 
formed combustion, means combustion where the 
amount of inert gas in the combustion chamber is 
smaller than the amount of Inert gas where the amount 
of production of soot peaks. 

[0045] Figure 7 shows a first operating region I where 
the first combustion, that is. the low temperature com- 
bustion, where the EGR rate is made at least about 55 
percent is performed and a second operating region II 
where the second combustion, that is, the combustion 
by the conventional combustion method, where the 
EGR rate is made less than about 50 percent is per- 
formed. Note that In Fig. 7, the abscissa shows the 
amount of depression of the accelerator pedal 40, that 
is, the required load, and the ordinate shows the engine 
rotational speed N. Further, in Fig. 7, X(N) shows a first 
boundary between the first operating region I and the 
second operating region II. and Y(N) shows a second 
boundary between the first operating region I and the 
second operating region II. The change of operating 



regions from tiie first operating region I to the second 
operating region II is judged based on tiie first boundary 
X(N), while the change of operating regfons from tiie 
second operating region II to the first operating region I 
is judged based on tiie second boundary Y(N). 
[0046] That is, in the first operating region I of the 
engine where tiie first combustion, that is. tiie low tem- 
perature combustion, is being performed, if the required 
load L exceeds the first boundary X(N). which is a func- 
tion of the engine rotational speed N, it is judged tiiat the 
operating region has shifted to tiie second operating 
region II and the second combustion is switched to. 
Next, when the required load L becomes lower tiian the 
second boundary Y(N). which is a function of the engine 
rotational speed N, it is judged tiiat the operating region 
has shifted to tiie first operating region 1 and tiie second 
combustion Is switched to the first combustion. 
[0047] Two boundaries were provided, tiiat is, the first 
boundary X(fsO and tiie second boundary Y(N) at the 
lower bad side of ttie first boundary X(N). in this way for 
tiie following two reasons. The first reason is that at tiie 
high load side of the second operating region II. the 
combustion temperature is relatively high and at tiiis 
time, even if the required load L becomes lower tiian the 
first boundary X(N). low temperature combustion can- 
not be performed immediately TTiat is, low temperature 
combustion cannot be started immediately unless the 
required load L Is considerably low. that is, lower than 
the second boundary Y(N). The second reason is to 
provide hysteresis witii respect to the change in operat- 
ing regions between the first operating region I and tiie 
second operating region II. 

[0048] When low temperature combustion is being 
performed when the engine is operating in tiie first oper- 
ating region I. almost no soot is produced, but instead 
the unburnt hydrocarbons are exhausted from the com- 
bustion chamber 5 in the form of a soot precursor or a 
sate before that. At this time, tiie unburnt hydrocarbons 
exhausted from ttie combustion chamber 5 may be oxi- 
dized well by a catalyst 19 having an oxkJation action. 
[0049] As tiie catalyst 1 9, an oxidation catalyst, three- 
way catalyst, or NOx absorbent may be used. An NOx 
absorbent has tiie function of absorbing the NOx when 
tiie mean air-fuel ratio in tiie combustion chamber 5 is 
lean and releasing tiie NOx when the mean air-fuel ratio 
in the combustion chamber 5 becomes rich. 
[0050] The NOx absorbent is for example comprised 
of alumina as a carrier and. on the carrier, for example, 
at least one of potassium K, sodium Na, litiiium Li, 
cesium Cs, and ottier alkali metals, barium Ba, calcium 
Ca, and other alkali eartiis. lanthanum La, yttrium Y, and 
other raze eartiis plus platinum Pt or another precious 
metal. 

[0051 ] The oxidation catalyst, of course, and also the 
tiiree-way catalyst and NOx absorbent have an oxida- 
tion function, tiierefore tiie three-way catalyst and NOx 
absorbent can be used as the catalyst 19 as explained 
above. 
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[0052] Figure 8 shows the output of the air fuel ratio 
sensor 21 . As shewn in Fig 8. the output cunrent I of the 
air fuel ratio sensor 21 changes in accordance with the 
air fuel ratio A/R Therefore, it is possible to determine 
the air fuel ratio from the output cun-ent I of the air fuel 
ratio sensor 21. 

[0053] Next, an explanation will be made of a specific 
example of the control of the operation in the first oper- 
ating region I and the second operating region II refer- 
ring to Fig. 9. 

[0054] Figure 9 shows the opening degrees of the 
throttle valve 16. the opening degree of the EGR control 
valve 23, the EGR rate, the air-fuel ratio, the injection 
timing, and the amount of injection with respect to the 
required load L As shown in Fig. 9, in the first operating 
region I with the low required load L, the opening degree 
of the throttle valve 16 is gradually Increased from the 
fully closed state to the half opened state as the 
required load L becomes higher, while the opening 
degree of the EGR control valve 23 is gradually 
increased from the fully closed state to the fully opened 
state as the required load L becomes higher. Further, in 
the specific example shown in Fig. 9, In the first operat- 
ing region I. the EGR rate is made about 70 percent and 
the air-fuel ratio is made a lean air-fuel ratio of 15 to 18 
or so. 

[0055] In other words. In the first operating region, the 
opening degree of the throttle valve 16 and the opening 
degree of the EGR control valve 23 are controlled so 
that the EGR rate becomes about 70 percent and the 
air-fuel ratio becomes from 15 to 18 or sa Note that at 
this time, the air-fuel ratio is controlled to the target air- 
fuel ratio by correcting tiie opening degree of the throttie 
valve 16, the opening degree of the EGR control valve 
23, or the amount of fuel injected based on the output 
signal of the air-fuel ratio sensor 21. Further, In the first 
operating region I, tiie fuel is injected before top dead 
center of the conpression stroke TDC. In this case, the 
injection start timing 88 becomes later the higher tiie 
required load L The injection end timing GE also 
becomes later the later the injection start timing OS. 
[0056] As explained above, during idling operation, 
the tiirottie valve 1 6 is made to close to close to the fully 
closed state. At this time, tiie EGR control valve 23 is 
also made to dose to dose to the fully closed state. If 
the throttle valve 16 is doses to close to the fully closed 
state, the pressure in tiie combustion chamber 5 at the 
start of compression will become low, so the compres- 
sion pressure will become small. If the compression 
pressure becomes small, the amount of compression 
work by the piston 4 becomes small, so tiie vibration of 
the engine body 1 becomes smaller. That is. during 
idling operation, the throttie valve 16 can be closed to 
close to tiie fully closed state to suppress vibration in 
the engine body 1. 

[0057] When tiie engine is operating in the first oper- 
ating region I, almost no soot or NOx is produced and 
hydrocarbons in the form of a soot precursor or its pre- 



vious state contained in the exhaust gas can be oxi- 
dized by tiie catalyst 19. 

[0058] On the other hand, if the engine operating state 
changes from the first operating region 1 to tiie second 

5 operating region II. the opening degree of tiie throttle 
valve 16 is increased in a step-like manner from tiie half 
opened state to the fully opened state. At tiiis time, in 
the example shown in Fig. 9, the EGR rate Is reduced in 
a step-like manner from about 70 percent to less tiian 

10 40 percent and tiie air-fuel ratio is increased in a step- 
like manner. That is, the range of EGR rates where a 
large amount of smoke is produced Is jumped over, so 
tiiere is no longer a large amount of smoke produced 
when the engine operating state changes from the first 

IS operating region I to the second operating region II. 
[0059] In the second operating region II, tiie second 
combustion, that Is, tiie conventionally performed com- 
bustion, is performed. In this combustion method, some 
soot and NOx are produced, but the heat effidency is 

20 higher than with tiie low temperature combustion, so if 
the engine operating state changes from tiie first oper- 
ating region I to the second operating region II. tiie 
amount of injection is reduced In a step-like manner as 
shown in Rg. 9. 

25 [0060] In tiie second operating region II, the throttle 
valve 16 is held in the fully opened state and tiie open- 
ing degree of the EGR control valve 23 is made smaller 
the higher the required load L. Therefore, the EGR rate 
becomes lower tiie higher the required load L and tiie 

30 air-fuel ratio becomes higher tiie higher the required 
load L Even if the required load becomes high, how- 
ever, tiie air-fuel ratio is made a lean air-fuel ratio. Fur- 
ther, in tiie second operating region II, the injection start 
timing OS is made close to top dead center of the com- 

35 pression stroke TDC. 

poei] Next, an explanation will be given of the control 
of the operation witti reference to Fig. 10. 
[0062] Referring to Fig. 10, first, at step 100, it Is 
judged if a flag t showing that the engine operating 

40 region is tiie first operating region t is set or not. When 
tiie flag 1 is set, that is, when the engine operating 
region is tiie first operating region I, tiie routine pro- 
ceeds to step 1 01 . where it is judged if the required load 
L has become larger than the boundary X(N} shown in 

45 Rg. 7 or not. 

[0063] When L <, X(N), the routine proceeds to step 
1 02, where the opening degree of the throttle valve 1 6 is 
controlled to the opening degree In accordance with tiie 
required load L shown in the operating region 1 of Fig. 9. 

50 Next, at step 103. the opening degree of tiie EGR con- 
trd valve 23 is controlled to tiie opening degree in 
accordance witii the required load L shown in tiie first 
operating region I of Fig. 9. Next, at step 104, tiie 
amount of injection, the injection start timing 6S. and tiie 

55 injection end timing OE In accordance with tiie required 
load L etc. shown in the first operating region I of Fig. 9 
are found and the fuel is injected based on the same. 
[0064] On the ottier hand, when it Is judged at step 
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101 that L > X(N). the routine proceeds to step 105, 
where the flag I is reset. Next, the routine proceeds to 
step 107, where the opening degree of the throttle valve 
16 Is controlled to an opening degree in accordance 
with the required load L of the second operating region 
II shown in Fig. 9. That is. the throttle valve 16 is made 
to fully open. Next, at step 108. the opening degree of 
the EGR control valve 23 is controlled to an opening 
degree In accordance with the required load L shown in 
the second operating region II of Fig. 9. Next, at step 
109, the amount of injection, the injection start timing 
eS. and the Injection end timing eE In accordance with 
the required load L etc. shown in the second operating 
region il of Fig. 9 are found and the fuel is injected 
based on the same. 

[0065} On the other hand, when it Is judged at step 
100 that the flag I has been reset, that is, when the 
engine operating region is the second operating region 
II. the routine proceeds to step 106. where it is judged if 
the required load L has become smaller than the sec- 
ond boundary Y(N) shown In Fig. 7 or not. When L ^ 
Y(N), the routine proceeds to step 107. As opposed to 
this, when L < Y(N). the routine proceeds to step 110, 
where the flag I is set. then proceeds to step 102. 
[0066] As explained above, however, at the high load 
side of the second operating region il. the combustion 
temperature is relatively high and therefore even if the 
required load L becomes lower than the first boundary 
X(N), if higher than the second boundary Y(N), low tem- 
perature combustion cannot be performed immediately 
If the engine operating state continues for at least a cer- 
tain time between the first boundary X(N) and the sec- 
ond boundary Y(N), the temperature in the combustion 
chamber 5 also becomes lower and therefore low tem- 
perature combustion can be performed. Therefore, In 
the second embodiment of the present invention, when 
the engine operating state is the second operating 
region II and continues for at least a certain time 
between the first boundary X(N) and the second bound- 
ary Y(N), it is deemed that the operating region has 
changed from the second operating region II to the first 
operating region I and the low temperature combustion 
is started. Figure 11 is a flow chart of this second 
embodiment. 

[0067] Referring to Rg. 11, first, at step 200, it is 
judged if a flag I showing that the engine operating 
region is the first operating region I is set or not. When 
the flag I is set. that Is. when the engine operating 
region is the first operating region I. the routine pro- 
ceeds to step 201 , where it is judged if the required load 
L has become larger than the boundary X{Hj shown In 
Fig. 7 or not. 

[0068] When L ^ X(N), the routine proceeds to step 
202. where the opening degree of the throttle valve 1 6 Is 
controlled to the opening degree in accordance with the 
required load L shown in the operating region I of Fig. 9. 
Next, at step 203. the opening degree of the EGR con- 
trol valve 23 is controlled to the opening degree in 



accordance with the required load L shown In the first 
operating region I of Fig. 9. Next, at step 204. the 
amount of Injection, the Injection start timing OS, and the 
injection end timing OE In accordance with the required 

5 load L etc. shown in the first operating region I of Fig. 9 
are found and the fuel is injected based on the same. 
10069] On the other hand, when it Is judged at step 
201 that L > X(N), the routine proceeds to step 205. 
where the flag I is reset. Next, the routine proceeds to 

10 step 210. where the opening degree of the throttle valve 
16 is controlled to an opening degree In accordance 
with the required load L of the second operating region 
11 shown in Fig. 9. That is, the throttle valve 16 is made 
to fully open. Next, at step 211, the opening degree of 

75 the EGR control valve 23 Is controlled to an opening 
degree in accordance with the required load L shown in 
the second operating region II of Fig. 9. Next, at step 
212, the amount of Injection, the Injection start timing 
eS, and the Injection end timing 8E In accordance with 

20 the required load L etc. shown in the second operating 
region II of Fig. 9 are found and the fuel is injected 
based on the same. 

[0070] On the other hand, when it is judged at step 
200 that the flag I has been reset, that is, when the 

25 engine operating region Is the second operating region 
II. the routine proceeds to step 206. where It is judged If 
the required load L has become smaller than tiie sec- 
ond boundary Y(N) shown in Fig. 7 or not. When L ^ 
Y(N), the routine proceeds to step 207. where it is 

30 judged If the required load L is lower than the first 
boundary X(N) or not, that is. If tiie required load L is 
between the first boundary X(N) and the second bound- 
ary Y(N). 

[0071] When L > X(N). the routine proceeds to step 
35 210. As opposed to this, when L ^ X(N). that Is. when 
Y(N) ^ L ^ X(N), the routine proceeds to step 208, 
where it is judged if a predetermined time has elapsed 
or not. When the predetermined time has not elapsed, 
tiie routine proceeds to step 210. As opposed to this, 
40 when tiie predetermined time has elapsed, tiiat Is. when 
the state where Y(N) ^ L ^ X(N) continues for more than 
the predetermined time, the routine proceeds to step 
209. where the flag I is set. Next, tiie routine proceeds 
to step 202, where the low temperature combustion is 
45 started. 

[0072] On tiie other hand, when it is judged at step 
206 tiiat L < Y(N). the routine proceeds to step 213, 
where the flag I Is set. Next, the routine proceeds to step 
202, where tiie low temperature combustion is per- 
50 formed. 

10073] Figure 12 shows a third embodiment. In tiiis 
embodiment, when tiie operating region changes from 
the first operating region I to the second operating 
region II, botii of tiie opening degree of tiie tiirottie valve 
55 1 6 and tiie opening degree of tiie EGR control valve 23 
are made to change in a step-like manner to reduce the 
EGR rate from about 65 percent to less tiian 40 percent. 
That is. In this embodiment, when the operating region 
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changes from the first operating region I to the second 
operating region II, the opening degree of the throttle 
valve 1 6 Is made to Increase in a step-like manner, while 
the opening degree of the EGR control valve 23 Is made 
to fall in a step-like manner. Note that in this embodi- 
ment, in the low load region of the second operating 
region II, the opening degree of the throttle valve 16 Is 
made to gradually increase as the required load L 
becomes higher. 

[0074] RgurelStoRg. 17showafourthembodiment. 
In this embodiment, in the low load region of the second 
operating region II shown In Fig. 7, a small amount of 
fuel is injected in the Initial part of the suction stroke and 
the major part of the fuel is injected near top dead 
center of the compression stroke TDC. that is, VIGOM 
injection is performed. 

[0075] In Fig. 1 3, the brol^n line shows the amount of 
smoke produced when injecting fuel at the end phase of 
the compression stroke, while the solid line shows the 
amount of smoke produced with VIGOM injection. As 
shown in Fig. 13. with VIGOM injection, the amount of 
smoke produced becomes small and the range of air- 
fuel ratio where smoke is produced becomes narrower. 
If the range of air-fuel ratio where smoke is produced 
becomes nan-ower, the amount of change of the EGR 
rate required for jumping over the range of air-fuel ratio 
where smoke Is produced becomes smaller, therefore 
there is the advantage that control of the opening 
degree of the throttle valve 16 or control of the opening 
degree of the EGR control valve 23 for jumping over the 
range of air-fuel ratio where smoke Is produced 
becomes easier. 

[0076] Figure 1 4 shows the divisions of the operating 
regions in the fourth embodiment. In Fig. 14, the first 
operating region I where low temperature combustion is 
performed, the first boundary X(N).and the second 
boundary Y(N) are the same as the first operating 
region I, the f irst boundary X(N), and the second bound- 
ary Y(N) shown in Fig. 7. As opposed to this, the second 
operating region II shown in Fig. 7 is divided into the low 
load side operating region II and the high load side 
operating region III in the fourth embodiment. At the low 
load side operating region II, VIGOM injection is per- 
formed, while at the high load side operating region 111, 
the conventionally performed normal injection is per- 
formed. 

[0077] Note that as shown In Rg. 1 4, in this embodi- 
ment, two boundaries, that is. a third boundary V(N) and 
a fourth boundary W(N). are set between the low load 
side operating region II and the high load side operating 
region III. In this case, the change of operating regions 
from the low load side operating region II to the high 
load side operating region III is judged based on the 
third boundary V(N). while the change of operating 
regions from the high load side operating region III to 
the low load side operating region II is judged based on 
the fourth boundary W(N). 

[0078] Rgure 15 shows the opening degrees of the 



throttle valve 16, the opening degree of the EGR control 
valve 23, the EGR rate, the air-fuel ratio, and the injec- 
tion timing with respect to the required load L. As shown 
in Fig. 15. in the first operating region I where the low 

5 temperature combustion is performed, the opening 
degree of the throttle valve 16 is gradually increased 
from close to the fully closed state to the half opened 
state as the required load L becomes higher, while the 
opening degree of the EGR control valve 23 is gradually 

10 increased from close to the fully closed state to the fully 
opened state as the required load L becomes higher. 
Further, in the embodiment shown in Fig. 15, in the first 
operating region I, the EGR rate is made about 80 per- 
cent and the air-fuel ratio is made a slightly lean air-fuel 

IS ratio. 

[0079] On the other hand, if the operating region 
changes from the first operating region I where low tem- 
perature combustion is performed to the low load side 
operating region II, the opening degree of the throttle 
20 valve 1 6 Is Increased in a step-like manner from the half 
opened state to the fully opened state. At this time, in 
the example shown in Fig. 15, the EGR rate is reduced 
in a step-like manner from about 80 percent to less than 
40 percent and the air-fuel ratio is increased in a stap- 
hs lite manner. That is, the range of EGR rates where a 
large amount of smoke is produced is jumped over, so a 
large amount of smoke is no longer produced when the 
engine operating region changes from the first operat- 
ing region I to the low load side operating region II. 
30 [0080] At the low load side operating region 11, VIGOM 
injection is performed. In this low load side operating 
region II, the throttle valve 16 is held in the fully opened 
state and the opening degree of the EGR control valve 
23 is held at substantially a constant opening degree. 
35 Therefore, in the low load side operating region II. the 
EGR rate is held substantially constant, and the air-fuel 
ratio becomes small as the required load L becomes 
high. Further, a snnail amount of fuel is injected at the 
initial phase of the suction stroke, while the majority of 
40 the fuel is Injected 'near top dead center of the com- 
pression stroke TDC. 

[0081] When the operating region changes from the 
low load side operating region 11 where VIGOM injection 
is performed to the high load side operating region 111 

45 where conventionally performed normal injection Is per- 
formed, the opening degree of the throttle valve 16 and 
the opening degree of the EGR control valve 23 do not 
sharply change, therefore the EGR rate and the air-fuel 
ratio do not sharply change. At the high load side oper- 

50 ating region III, the throttle valve 16 is held in the fully 
opened state, while the opening degree of the EGR 
control vatve 23 is made smaller the higher the required 
load L Therefore, the EGR becomes lower the higher 
the required load L and the air-fuel ratio becomes 

55 smaller the higher the required load L 

[0082] Next, an explanation will be given of the control 
of the operation refen'ing to Fig. 16 and Rg, 17. 
[0063] Referring to Rg. 16 and Rg. 17. first, at step 
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300. it is judged if a flag I showing that the engine oper- 
ating region is the first operating region i is set or not 
When the flag I is set, that is. when the engine operating 
region is the first operating region I, the routine pro- 
ceeds to step 301 , where it is judged if the required load 5 
L has t)ecome larger than the boundary X(N) shown in 
Fig. 7 or not. 

[0084] When L ^ X(N), the routine proceeds to step 
302, where the opening degree of the throttle valve 1 6 is 
controlled to the opening degree in accordance with the 
required load L shown in the operating region I of Fig. 
15. Next, at step 303. the opening degree of ttie EGR 
control valve 23 is controlled to the opening degree in 
accordance with the required load L shown in the first 
operating region I of Fig. 1 5. Next, at step 304, the injec- 
tion start timing OS and tiie injection end timing 6E in 
accordance with the required load L etc. shown in the 
first operating region I of Fig. 1 5 are found and the fuel 
Is injected based on the same. 
[0085] On the other hand, when It is judged at step 
301 that L > X(N). tiie routine proceeds to step 305, 
where the flag I is reset. Next, the routine proceeds to 
step 306, where a flag II showing that the operating 
region is the low load side operating region II is set. 
Next, tiie routine proceeds to step 307, where the open- 
ing degree of the throtUe valve 16 is controlled to an 
opening degree in accordance with tiie required load L 
of the low load side operating region II shown In Rg. 15. 
That is, the throttle valve 16 is made to fully open. Next, 
at step 308, tiie opening degree of tiie EGR control 
valve 23 is controlled to an opening degree in accord- 
ance with the required load L shown in the low load side 
operating region II of Fig. 15. Next, at step 309, the 
injection start timing eS and tiie injection end timing OE 
in accordance witti the required load L etc. shown in tiie 
low load side operating region II of Fig. 15 are found and 
the fuel is injected based on the same. 
[0086] On the other hand, when it is judged at step 
300 ttiat tiie flag I has been reset, the routine proceeds 
to step 310, where it Is judged if the flag II has been set 
or not. When tiie flag II has been set. tiiat is. when the 
operating region is the low load side operating region II, 
the routine proceeds to step 31 1 , where it is judged if 
the required load L has become larger than the third 
boundary V(N) shown in Fig. 14 or not. When L ^ V(N). 
the routine proceeds to step 312, where it is judged if 
the required load L has become smaller than tiie sec- 
ond boundary Y(N) or not. When L ^ Y(N), tiie routine 
proceeds to step 307, where VIGOM injection is per- 
formed. 

[0087] As opposed to this, when it is judged that L < 
Y(N), the routine proceeds to step 313, where the flag I 
is set. Next, the routine proceeds to step 302, where the 
low temperature combustion is performed. 
[0088] On the otiier hand, when It is judged at step 
311 that L > V(N). tiie routine proceeds to step 315, 
where the flag II is reset. Next, the routine proceeds to 
step 316. where the opening degree of tiie throttie valve 



16 is controlled to an opening degree in accordance 
with tiie required load L shown in the high load side 
operating region III of Fig. 15. That Is, tiie throttle valve 
16 is held in tiie fully opened state. Next, at step 317. 
tiie opening degree of the EGR control valve 23 Is con- 
ti-olled to an opening degree in accordance with ttie 
required load L shown In the high load side operating 
region III of Fig. 15. Next, at step 318; the injection start 
timing OS and the injection end timing OE in accordance 
with the required load L etc. shown in the high toad side 
operating region III of Fig. 15 are found and fuel is 
injected based on the same. 
[0089] On tiie other hand, when it is judged at step 
310 tiiat the flag II is reset, tiiat is, when the operating 
region is the high load side operating region III, the rou- 
tine proceeds to step 319. where it is judged if the 
required load L has become lower than ttie fburtii 
boundary W(N) shown in Fig. 14. When L ^ W(N), the 
routine proceeds to step 316. As opposed to tiiis. when 
L < W(N), the routine proceeds to step 320, where tiie 
flag II is set, then proceeds to step 307. Therefore, 
VIGOM Injection is perfbrmed at this time. 
[0090] According to the present invention, as men- 
tioned above, it is possible to reduce to an extremely 
smalt amount the production of soot and NOx when tiie 
engine is operating at a light load. 
[0091 ] While the Invention has been described by ref- 
erence to specific embodiments chosen for purposes of 
illustration, it should be apparent that numerous modifi- 
cations could be made tiiereto by those skilled in the art 
without departing from the basic concept and scope of 
the invention. 

[0092] An engine comprising an exhaust gas recircu- 
lation system, wherein a first combustion where tiie 
amount of ttie recirculated exhaust gas supplied to ttie 
combustion chamber is larger tiian tiie amount of recir- 
culated exhaust gas where tiie amount of production of 
soot peaks and almost no soot is produced and a sec- 
ond combustion where the amount of recirculated 
exhaust gas supplied to tiie combustion chamber is 
smaller than the amount of recirculated exhaust gas 
where the amount of production of soot peaks are 
selectively switched. The exhaust gas recirculation rate 
is caused to be changed in a step-like manner when 
switching from the first combustion to tiie second com- 
bustion or from the second combustion to tiie first com- 
bustion. 

Claims 

1. An internal combustion engine in which an amount 
of production of soot gradually increases and then 
peaks when an amount of recirculated exhaust gas 
supplied in a combustion chamber increases and in 
which a further increase of the amount of recircu- 
lated exhaust gas supplied in the combustion 
chamber results in a temperature of fuel and sur- 
rounding gas in tiie combustion chamber becoming 
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lower than a temperature of production of soot and 
therefore alniost no production of soot any longer, 
said engine comprising: 

switching means for selectively switching 
between a first combustion where the amount 
of the recirculated exhaust gas supplied to the 
combustion chamber Is larger than the amount 
of recirculated exhaust gas where the amount 
of production of soot peaks and almost no soot 
is produced and a second combustion where 
the amount of recirculated exhaust gas sup- 
plied to the combustion chamber is smaller 
than the amount of recirculated exhaust gas 
where the amount of production of soot peaks 
and 

exhaust gas recirculation rate control means 
for changing the exhaust gas recirculation rate 
in a step-like manner when switching from the 
first combustion to the second combustion or 
from the second combustion to the first com- 
bustion. 

2. An internal combustion engine as set forth in claim 
1 , wherein the exhaust gas recirculation rate control 
means makes the exhaust gas recirculation rate fall 
in a step-like manner when the first combustion is 
switched to the second combustion and makes the 
exhaust gas recirculation rate rise in a step-like 
manner when the second combustion is switched to 
the first combustion. 

3. An Internal combustion engine as set forth In claim 
1, wherein the exhaust gas recirculation rate when 
the first combustion is being perfomned is at least 
about 55 percent and the exhaust gas recirculation 
rate when the second combustion is being per- 
formed Is less than about 50 percent. 

4. An internal combustion engine as set forth in claim 
1 , wherein the air-fuel ratio Is caused to be changed 
in a step-like manner when the first combustion is 
switched to the second combustion or the second 
combustion is switched to the first combustion. 

5. An internal combustion engine as set forth in claim 
4, wherein the air-fuel ratio Is made large In a step- 
like manner when the first combustion Is switched 
to the second combustion and the air-fuel ratio is 
made small in a step-like manner when the second 
combustion Is switched to the first combustion. 

6. An internal combustion engine as set forth in claim 
4. wherein the air-fuel ratio at the first contbustion Is 

. made a stoichiometric air-fuel ratio or a lean air-fuel 
ratio sllghtiy leaner than the stoichiometric air-fuel 
ratio or a rich air-fuel ratio and the air-fuel ratio at 
the second combustion is made a lean air-fuel ratio. 



7. An internal combustion engine as set forth in claim 
1 . wherein the exhaust gas recirculation rate control 
means makes least one of an anfiount of recircu- 
lated exhaust gas and amount of intake air change 

5 In a step-like manner to make the exhaust gas recir- 
culation rate change in a step-like manner when tiie 
first combustion Is switched to tiie second combus- 
tion or the second combustion is switched to the 
first combustion. 

10 

8. An internal combustion engine as set fortii in claim 
1. wherein an engine operating region is divided 
Into a low load side first operating region where first 
combustion is performed and a high side second 

75 operating region where second combustion is per- 
formed. 

9. An Internal combustion engine as set forth in claim 

8. wherein boundaries between the first operating 
20 region and second operating region are comprised 

of a first boundary and a secomi boundary at a 
lower load side from the first boundary, the first 
combustion Is switched to the second combustion 
based on the first boundary, and the second com- 
2s bustion is switched to tiie first combustion based on 
the second boundary. 

10. An Internal combustion engine as set forth In claim 

9. wherein when the engine operating state 
30 remains in the second operating region and 

between the first boundary and the second bound- 
ary for at least a predetermined time, the second 
combustion Is switched to the first combustion. 

35 1 1 . An internal oontbustion engine as set fbrtii in daim 
8. wherein at the low load side operating region in 
tiie second operating region, fuel Injection is carried 
out twice in a suction stroke and a compression 
stroke. 

40 

12. An internal combustion engine as set forth in claim 
1. wherein the tenperature of tiie fuel and the sur- 
rounding gas when the first combustion is being 
performed is a temperature where the amount of 

45 NOx in tiie exhaust gas becomes around 1 0 ppm or 
less. 

13. An internal combustion engine as set forth in claim 
1, wherein when the first combustion is being per- 

50 formed, unburnt hydrocarbons are exhaust from tiie 
combustion chamber not In the form of soot but In 
the form of a soot precursor or a form before that 
and an after-treatment device for removing tiie 
unburned hydrocartx)ns exhausted from the oom- 

55 bustion chanlber is provided in an engine exhaust 
passage. 

14. An internal combustion engine as set forth in claim 
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13, wherein the after-treatment apparatus is com- 
prised of a catalyst having an oxidation function for 
oxidising unburnt hydrocarbons exhausted from the 
combustion chamber. 

15. An internal combustion engine as set forth in claim 

14, wherein the catalyst is at least one of an oxida- 
tion catalyst, three-way catalyst, and NOx absorb- 
ent. 
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